Pathogenic African swine fever virus (ASFV) isolates primarily target cells of the mononuclear-phagocytic system in infected swine and replicate efficiently in primary macrophage cell cultures in vitro. ASFVs can, however, be adapted to grow in monkey cell lines. Characterization of two cell culture-adapted viruses, MS16 and BA71V, revealed that neither virus replicated in macrophage cell cultures. Cell viability experiments and ultrastructural analysis showed that infection with these viruses resulted in early macrophage cell death, which occurred prior to viral progeny production. Genomic cosmid clones from pathogenic ASFV isolate E70 were used in marker rescue experiments to identify sequences capable of restoring MS16 and BA71V growth in macrophage cell cultures. A cosmid clone representing a 38-kbp region at the left terminus of the genome completely restored the growth of both viruses. In subsequent fine-mapping experiments, an 11-kbp subclone from this region was sufficient for complete rescue of BA71V growth. Sequence analysis indicated that both MS16 and BA71V had significant deletions in the region containing members of multigene family 360 (MGF 360) and MGF530. Deletion of this same region from highly pathogenic ASFV isolate Pr4 significantly reduced viral growth in macrophage cell cultures. These findings indicate that ASFV MGF360 and MGF530 genes perform an essential macrophage host range function(s) that involves promotion of infected-cell survival.
African swine fever virus (ASFV) is a large, enveloped, double-stranded DNA virus; it is the sole member of the newly named Asfarviridae family (L. K. Dixon et al., personal communication) . Although the icosahedral morphology of the ASFV virion resembles that of iridoviruses, both the genomic organization, which includes terminal cross-links and inverted terminal repeats, and its cytoplasmic replication strategy suggest some relationship with the Poxviridae family (19, 28, 36) .
ASFV is the only known DNA arbovirus (8, 10) . ASFV infects both warthogs (Phacochoerus aethiopicus) and bushpigs (Potamochoerus spp.), as well as ticks of the genus Ornithodoros, in sub-Saharan Africa (30, 31, 41, 45) . In the warthog host, ASFV infection is subclinical, characterized by low viremia titers (32, 42) .
In domestic pigs, ASF occurs in several disease forms, ranging from highly lethal to subclinical infections, depending on contributing viral and host factors (9, 24, 32) . ASFV infects cells of the mononuclear-phagocytic system, including fixed tissue macrophages, and specific lineages of reticular cells in the spleen, lymph nodes, lungs, kidneys, and liver (9, 21, 22, 24, 25) . This ability to replicate and induce marked cytopathology in these cell types in vivo appears to be critical for ASFV virulence. Viral and host factors responsible for the differing outcomes of infection with highly virulent strains and strains of lesser virulence are largely unknown.
Variation in genome size and restriction fragment patterns is observed among different ASFV isolates. Like poxviruses, the diversity within the ASFV genome is localized primarily to terminal genomic regions (6, 7, 12, 37, 44) . With poxviruses, genes contained within the terminal variable regions are often nonessential in vitro, instead performing functions related to viral host range (17, 23, 35) . ASFV terminal variable regions comprise the left 35-kbp and the right 15-kbp ends of the genome and contain at least five multigene families (MGFs): MGF100, MGF110, MGF300, MGF360, and MGF530 (4, 5, 11, 18, 43, 47) . Variations within these regions, including gene deletion events, are observed during ASFV adaptation to monkey cell lines (6, 38) . Given the similarities to poxviruses, it is likely that ASFV variable-region genes are associated with important host range functions in the pig or tick host.
Previously, we have identified two ASFV right variable region genes, NL-S and UK, with functions involving virulence and host range in the pathogenic European isolate E70 (48, 49) . While these genes are important for ASFV virulence, they alone are not sufficient, indicating that other viral determinants must play significant roles in determining host range and viral virulence (3, 48, 49) .
Here, we describe an additional and novel macrophage host range determinant(s) in the left variable region of the ASFV genome. Our data indicate that MGF360 and MGF530 genes in this region perform an essential macrophage host range function that involves promotion of infected-cell survival.
MATERIALS AND METHODS
Cell cultures and viruses. Vero cells were propagated in Dulbecco's minimal essential medium supplemented with 10% fetal bovine serum. Primary porcine macrophage cell cultures were prepared from heparinized swine blood as previously described (16, 48) . Porcine alveolar macrophages were obtained at necropsy by bronchoalveolar lavage from uninfected pigs. These cells were purified and cultivated as described above for primary macrophages.
The pathogenic European ASFV isolate E70, MS16 (E70 passaged 16 times in MS monkey cells [38] ), and BA71V (Vero cell culture-adapted ASFV strain BA71) were provided by J. M. Escribano (Instituto Nacional Investigaciones Agrarias, Madrid, Spain). Pathogenic ASFV strain Pretoriuskop/96/4 (Pr4) was isolated from Ornithodoros porcinus porcinus ticks collected from the Republic of South Africa in 1996 (20) . A cell culture-adapted variant, Pr4V, was prepared by repeated passaging of Pr4 on Vero cell cultures (L. Zsak, unpublished data).
Cell viability assay. Porcine primary macrophage cell cultures (2 ϫ 10 6 cells per well in a six-well plate) were infected with ASFVs (multiplicity of infection [MOI] ϭ 5). Trypan blue dye exclusion viability assays were performed as previously described (27) .
Ultrastructural analysis of ASFV-infected macrophages. Macrophage cell cultures were either mock infected or infected (MOI ϭ 10) with ASFV strain E70, MS16, or BA71V and harvested at 8, 12, 16, and 24 h postinfection (hpi) by gentle removal of the adherent cells with prewarmed phosphate-buffered saline containing 2 mM EDTA. Electron microscopy was performed as previously described (27) .
DNA manipulation, cloning, and sequencing. Viral DNAs were isolated from purified virions using proteinase K and sodium dodecyl sulfate lysis, followed by phenol extraction and ethanol precipitation (44) . Southern blot, dot blot, radiolabeling, and hybridization analyses were performed by using standard methods (34) . Plasmid DNA was prepared and manipulated essentially as described by Sambrook et al. (34) .
Pathogenic European ASFV isolate E70 was passaged three times in swine, and viral DNA was purified from viremic pig blood (44, 49) . A cosmid library was constructed from E70 genomic DNA as previously described (49) . Cosmid clone G7, representing the 38-kbp left terminus of the genome, was identified and sequenced in its entirety with an Applied Biosystems PRISM 377 automated DNA sequencer (Perkin-Elmer, Foster City, Calif.). Applied Biosystems sequence software (version 3.3) was used for lane tracking and trace extraction. Chromatogram traces were base called with Phred (15); sequences were assembled with Phrap (14) and analyzed by the FASTA method (29) , as well as other phylogenetic programs (39, 40) . Using a similar approach, cosmid clone M25, from the left 35-kbp genomic region of cell culture-adapted ASFV strain MS16, was identified and sequenced (Lu et al., unpublished data). A 10.3-kbp fragment of cosmid clone G7 was subcloned by digestion with restriction enzymes EcoRI and Pmel and inserted into EcoRI/SmaI-digested plasmid BlueScript II KS (Stratagene, La Jolla, Calif.) to yield pBS-EP (EP).
Marker rescue of MS16 and BA71V growth in macrophage cell cultures. Primary porcine macrophage cell cultures were infected with either virus strain MS16 or BA71V (MOI ϭ 10) and transfected with DNA clone G7 or EP, respectively, as previously described (49) . Cell cultures were harvested 24 h later and sonicated, and serial 10-fold dilutions of the lysates were plated on swine macrophages in 24-well plates and incubated for 5 to 7 days at 37°C. The infected-cell cultures were passaged three additional times in macrophage cell cultures, and putative rescued recombinant viruses were purified by endpoint dilution. Virus stocks of recombinant virus strains MS16-C2 and BA71V-E5 were made in macrophage cell cultures, and viral DNAs were analyzed and characterized by Southern blot hybridization to verify the genomic structure of the recombinants.
Construction of recombinant BA71V viruses containing genomic regions of E70. To facilitate mutant construction, a ␤-glucaronidase (GUS)-expressing variant of the BA71V virus, BA71VG, was constructed by introducing the p72GUS reporter gene cassette into a noncoding, intergenic region located between open reading frames (ORFs) A224L and A104R of the BA71V genome at nucleotide position 29900 (46) . BA71VG exhibited unaltered BA71V growth characteristics on Vero cell cultures (data not shown).
To insert genomic regions from the pathogenic E70 virus into the cell cultureadapted BA71VG viral genome (see Fig. 8A ), an engineered recombination transfer vector was constructed by PCR amplification using BA71V genomic DNA as a template. Genomic regions flanking the deleted region between nucleotide positions 17469 and 17496 in the BA71V genome (46) were amplified using primer sets each of which introduced a BamHI restriction site adjacent to the insertion region and a BglII site (right flanking fragment) at the opposite end. The primer sets were as follows (boldface sequences are restriction cleavage sites for BamHI, GGATCC, and BglII, AGATCT): left flank forward primer, 5Ј-AA GAGGACGTGCCGTTAAAGTATT-3Ј; left flank reverse primer, 5Ј-GGATCC ACCTTCACGAGCTGTACG-3Ј; right flank forward primer, 5Ј-GGATCCGG CCAACGTTTGTAAAGA-3Ј; right flank reverse primer, 5Ј-AGATCTCTTT ACGGCTTGGGTCAGGAC-3Ј. The PCR products were sequentially cloned into the TA cloning vector pCR2.1 (Invitrogen, San Diego, Calif.) to give p71V2. E70 genomic regions were amplified by PCR using cosmid G7 DNA as a template. Primer sets each of which introduced a BamHI restriction site at both ends of the fragments were as follows: fragment A forward primer, 5Ј-GCAAGGAG AGGATCCTAACTTCTT-3Ј; reverse primer, 5Ј-ATATGAGGATCCTCCTTTC CTATG-3Ј; fragment B forward primer, 5Ј-ACGCTCAGGATCCTACTAATA TCA-3Ј; reverse primer, 5Ј-AAACGGATCCCCCTACTTCATTAA-3Ј. The amplified fragments were digested with BamHI and inserted into BamHIdigested p71V2 to yield the p71V2-A and p71V2-B transfer vectors. Primary porcine macrophage cell cultures were infected with BA71VG (MOI ϭ 10) and transfected with the p71V2-A or p71V2-B transfer vector as previously described (49) . The resulting recombinant viruses, BA71VG-A and BA71VG-B, were purified by plaque assay on macrophage cell cultures and characterized by Southern blot analysis as previously described (49) .
Construction of recombinant ASFV Pr4 viruses containing deletions in MGF360 and MGF530 genes. Gene deletion mutants Pr4⌬2AB and Pr4V⌬2AB were generated by homologous recombination between ASFV Pr4 genomes and recombination transfer vectors following infection and transfection of cell cultures (49) . Flanking DNA fragments to the left (1.3 kbp) and right (1.6 kbp) of MGF360 ORFs 2A and 2B were amplified using primer sets each of which introduced a BamHI restriction site adjacent to the MGF360 ORFs and a BglII site (right flanking fragment) at the opposite end. The primer sets were as follows: left flank forward primer, 5Ј-TCCATGCTATGATGATTAAGTATT-3Ј; left flank reverse primer, 5Ј-ATATTGGATCCTAGTGATGTGCGT-3Ј; right flank forward primer, 5Ј-AACAACTTGATTGGATCCGTCTGG-3Ј; right flank reverse primer, 5Ј-TGTAGGAGATCTGATATTGATCAT-3Ј. The fragments were digested with the appropriate restriction enzymes and cloned into pCR2.1 to give pPr4-2AB. A reporter cassette, p72␤-Gal, containing the ␤-galactosidase gene under the control of an ASFV late structural gene promoter, p72, was inserted into BamHI-digested pPr4-2AB to yield p72␤-Gal⌬2AB. Primary porcine macrophage or Vero cell cultures were infected with Pr4 or its cell cultureadapted variant, Pr4V, respectively (MOI ϭ 10), and transfected with p72␤-Gal⌬2AB. Recombinant viruses were purified to homogeneity by plaque assay on macrophage or Vero cell cultures and characterized by Southern blot hybridization (see Fig. 9 ).
ASFV gene deletion mutants Pr4⌬35 and Pr4V⌬2AB⌬35 were constructed essentially as described above (see Fig. 9A ). Recombination transfer vector p35, used to delete MGF360 ORFs 3CL, 3DL, 3EL, 3HL, 3IL, and 3LL and MGF530 ORFs 3FR and 3NR, was constructed by sequentially cloning PCR-derived DNA fragments mapping to the left (1.09 kbp) and right (1.15 kbp) of the desired deletion into pCR2.1. The p72GUS reporter gene cassette was then inserted into BamHI-digested p35. Primer sets for flanking fragments were as follows: left flank forward primer, 5Ј-TTGCTTAAGATCCTTTAGATCCTT-3Ј; left flank reverse primer, 5Ј-GGATCCGTTAAAAGATTATCATGC-3Ј; right flank forward primer, 5Ј-CCACCGGATCCAGAGACATTTGTA-3Ј; right flank reverse primer, 5Ј-CAAAAGATCTTTATGCTGATATTT-3Ј. The resulting construct, p72GUS⌬35, was then used with Pr4 viruses in transfection-infection experiments to construct deletion mutant viruses. Recombinants Pr4⌬35 and Pr4V⌬2AB⌬35 were purified and characterized as described above (see Fig. 9 ).
Nucleotide sequence accession numbers. The E70 G7 sequences were assigned GenBank accession no. AF327839, and the MS16 M25 sequences were assigned GenBank accession no. AF327840.
RESULTS
Cell culture-adapted ASFVs MS16 and BA71V do not replicate in porcine macrophage cell cultures. Growth characteristics of monkey cell culture-adapted MS16 and BA71V viruses were compared to those of pathogenic ASFV isolate E70. Primary porcine macrophage cell cultures and Vero cell cultures were infected with each virus, and virus titers were determined at various times postinfection (Fig. 1) . As expected, E70 replicated in macrophages (Fig. 1A) , reaching a maximum virus yield of approximately 10 7 50% tissue culture-infective doses per ml by 48 hpi. In contrast, MS16 and BA71V did not produce detectable infectious progeny. Both cell cultureadapted viruses replicated normally in Vero cell cultures (Fig.  1B) , indicating that the growth defect was macrophage specific.
Infection with MS16 and BA71V results in early macrophage cell death. To define the MS16 and BA71V growth defect in macrophages, levels of viral protein expression and DNA replication were examined using immunoprecipitation and semiquantitative dot blot analysis. Monospecific rabbit antisera raised against ASFV early protein p30 and late protein p54 (Lu et al., unpublished data) specifically immunopre-cipitated p30 at 3 to 6 hpi and p54 at 6 to 9 hpi ( Fig. 2A ) from E70-, MS16-, and BA71V-infected cultures at comparable levels. DNA dot blot hybridization showed comparable levels of ASFV DNA in each virus-infected culture at 8 hpi (Fig. 2B) . These results indicate that the block in MS16 and BA71V replication is late in the infection cycle, occurring after DNA replication and late protein synthesis.
MS16-and BA71V-infected macrophages exhibited extensive early cytopathology (Fig. 3A) that was not observed in E70-infected macrophages (Fig. 3B) . Ultrastructural analysis revealed loss of cellular organization, membrane disintegration, and marked nuclear chromatin condensation as early as 12 hpi in MS16-and BA71V-infected cells (Fig. 3A and data not shown). In both E70-and MS16-infected macrophages, nascent virus factories were present in the cell cytoplasm at 12 hpi ( Fig. 4A and B) . However, MS16-infected cells contained only incomplete polyhedral structures and immature virus particles without nucleoid cores (Fig. 4A ), whereas E70 virus factories contained numerous virions (Fig. 4B) .
Time to death for MS16-and BA71V-infected macrophages was determined by using a quantitative cell viability assay. Macrophage cell cultures were infected with E70, MS16, or BA71V, and cell survival was assessed by trypan blue dye exclusion at various times postinfection. There was a significant difference between E70 and either virus strain MS16 or BA71V in infected-macrophage survival time (Fig. 5 ). More rapid cell death was observed for MS16 and BA71V virus-infected cells. Significant cell death, 40 to 60% of all cells, occurred between 10 and 16 hpi, and by 40 hpi, less than 5% of the infected cells were viable. In contrast, approximately 90% of E70-infected macrophages were viable at 20 hpi and more than 50% remained alive as late as 40 hpi. Thus, early cell death occurs in MS16-and BA71V-infected macrophages prior to infectiousprogeny production.
MGF360 and MGF530 genes rescue MS16 and BA71V growth in swine macrophage cell cultures. Marker rescue experiments were used to identify genomic regions capable of restoring MS16 and BA71V growth in macrophages. Rescued recombinants capable of replication in swine macrophage cell cultures were obtained following recombination between parental virus MS16 or BA71V and E70 genomic clones G7 and EP as described in Materials and Methods. The G7 cosmid clone, containing a 38-kbp DNA fragment, successfully rescued both the MS16 and BA71V viruses, while the 10.3-kbp DNA fragment-containing subclone EP was sufficient for rescue of BA71V. Four recombinants derived from either parental virus MS16 or BA71V were selected by limiting-dilution assay in macrophage cultures and verified as products of a double-crossover recombination event. Recombinant viruses MS16-C2 and BA71V-E5 were chosen for further analysis. Genomic DNAs from E70, the parental viruses, and the recombinants were digested with restriction endonucleases, gel 1 and 4) , MS16 (lanes 2 and 5), or BA71V (lanes 3 and 6), radiolabeled from 3 to 6 or 6 to 9 hpi, was performed using a mixture of anti-p30 and anti-p54 monospecific rabbit antiserum as previously described (1). Sizes were estimated using Rainbow In the MS16-C2 recombinant, the recombination event introduced a 20.2-kbp DNA segment from the left variable region of the E70 genome (Fig. 6A) . Genomic DNAs from E70, MS16, and MS16-C2 were digested with the EcoRI (E) and BamHI (B) restriction endonucleases and hybridized with a mixture of 32 P-labeled 10-kbp (B1/B2) and 15-kbp (B2/B3) BamHI fragments contained in clone G7 (Fig. 6B) . As expected, restriction fragments with predicted sizes of 15.0 kbp (E4/ B3), 4.8 kbp (E1/E2), 4.3 kbp (E3/B2), 0.9 kbp (B2/E4), and 0.7 kbp (E2/E3) were observed for E70 and a single 6.5-kbp fragment was detectable for MS16 (Fig. 6B, lanes 1 and 2, respectively) . As a result of G7 insertion, MS16-C2 showed a pattern similar to that of the E70 viral genome in this region (Fig. 6B,  lane 3) .
The rescued recombinant BA71V-E5 contained an 8.2-kbp DNA segment from the E70 genome (Fig. 6A) . Southern blot analysis using the EP clone as a probe confirmed the presence of novel DNA sequences in the rescued virus. In contrast to parental virus BA71V, where a BamHI fragment of 7.7 kbp was detected (Fig. 6C, lane 2) , BA71V-E5 contained a larger fragment of 15.9 kbp (Fig. 6C, lane 3) .
To analyze the genetic content of genomic regions involved in marker rescue of macrophage growth, the G7 clone was completely sequenced and compared with sequences of a cosmid clone (M25) of the MS16 left variable region (Lu et al., unpublished data) and sequences available for BA71V (46) . Comparative sequence analysis revealed that both MS16 and BA71V had significant deletions in this region. Deleted regions contained multiple members of MGF110, MGF300, MGF360, and MGF530 (Fig. 6A) . More precisely, a 20.2-kbp deletion was observed in the MS16 genome, comprising three ORFs of MGF110 (1VL, 1XL, and 1YL), three ORFs of MGF300 (2DL, 2EFR, and 2HL), nine ORFs of MGF360 (2AL, 2BL, 3BL, 3CL, 3DL, 3EL, 3HL, 3IL, and 3LL), and two ORFs of MGF530 (3FR and 3NR). Two deletions were identified in the BA71V genome within the region involved in the rescue. A 5.0-kbp region containing three ORFs of MGF110 (1VL, 1XL, and 1YL), and two ORFs of MGF360 (2AL and 2BL) was deleted, as was an 8.2-kbp DNA region which contained six ORFs of MGF360 (3CL, 3DL, 3EL, 3HL, 3IL, and 3LL) and one MGF530 ORF (3FR). Restoration of the entire 20.2-kbp deletion was necessary to rescue MS16 viral growth in porcine macrophages. The 8.2-kbp region within the EP clone alone was sufficient to restore BA71V viral growth in porcine macrophages. These data indicate that ASFV MGF360 and MGF530 genes play an essential role in determining viral host range in swine macrophages.
One-step growth curve experiments were performed to determine the growth characteristics of marker-rescued MS16-C2 and BA71V-E5 recombinants in swine macrophage cell cultures. Primary porcine macrophage cell cultures derived from either peripheral blood or lung thissue were infected (MOI ϭ 5) with pathogenic ASFV isolate E70, cell cultureadapted viruses MS16 and BA71V, and marker-rescued recombinants MS16-C2 and BA71V-E5, and samples were titrated at various times postinfection. As observed before, cell culture-adapted viruses MS16 and BA71V failed to replicate in either peripheral blood or alveolar macrophage cell cultures ( Fig. 7A and B) . However, the growth kinetics and viral yields of MS16-C2 and BA71V-E5 recombinants were indistinguishable from those of E70 (Fig. 7A and B) . Thus, E70 genomic regions contained within the cosmid clone (G7) and its subclone (EP) were capable of completely restoring the growth of the MS16 and BA71V viruses, respectively, in macrophages.
To further define specific determinants within the left variable region of the ASFV genome involved in macrophage host range determination, segments of the E70 EP clone were recombined into BA71V and recombinant viruses were tested for macrophage growth. To allow selection of putative recombinants by GUS-positive plaque assay on macrophage cell cultures, GUS-expressing BA71V variant BA71VG and BA71VG-E5 were constructed as described in Materials and Methods. Recombinant viruses BA71VG-A and BA71VG-B were constructed by homologous recombination between parental virus BA71VG and transfer vectors containing either a 5.3-kbp or a 3.8-kbp PCR fragment amplified from the EP clone (Fig. 8A) . The 5.3-kbp fragment from the left side of EP contained promoters and ORFs of MGF360 (3CL, 3DL, and 3EL) and MGF530 (3FR); the 3.8-kbp insert from the right contained the other part of EP, including the MGF360 3HL, 3IL, and 3LL ORFs and promoter regions. The genomic structure of the recombinants was confirmed by Southern blot hybridization (Fig. 8B) . As predicted, novel restriction fragments were seen in BA71VG-A and BA71VG-B (Fig. 8B) as a result of the insertion of the 5.3-and 3.8-kbp fragments, respectively. A parental 7.7-kbp fragment was not observed in either recombinant, suggesting that they were free of contaminating parental virus.
The growth characteristics of recombinants BA71VG-A and BA71VG-B in swine macrophage cell cultures were examined as described above and compared to those of E70, parental virus BA71VG, and its EP-rescued recombinant BA71VG-E5 on October 14, 2017 by guest http://jvi.asm.org/ (Fig. 8C) . As expected, BA71VG failed to grow in primary macrophage cell cultures and the EP-rescued variant BA71VG-E5 showed growth kinetics and a yield similar to those of E70, suggesting that insertion of the p72GUS cassette into the viral genome did not alter the growth properties of BA71VG. Interestingly, both the BA71VG-A and BA71VG-B viral mutants exhibited growth in swine macrophages. Contrary to the parental virus, they formed distinct, visible blue plaques on macrophage cultures (not shown). One-step growth curve experiments revealed that approximately 10 4 50% tissue cultureinfective doses of infectious virus per ml was produced by both recombinants (Fig. 8C) . In two independent experiments, BA71VG-A and BA71VG-B virus yields were consistently 100-to 1,000-fold lower than those observed with E70. Thus, while the EP clone was sufficient to rescue the growth defect of BA71V or BA71VG completely, subclones representing geno- mic regions with fewer ORFs of MGF360 and MGF530 resulted in only partial rescue, suggesting that multiple family members are needed.
Deletion of MGF360 and MGF530 genes from ASFV Pr4 results in a macrophage growth defect. To confirm the role of MGF360 and MGF530 genes in macrophage host range determination, deletion mutants of macrophage growth-competent virus Pr4 were constructed and analyzed. ASFV MGF360 and MGF530 gene deletion mutants Pr4⌬2AB, Pr4⌬35, and Pr4V⌬2AB⌬35 were generated from pathogenic African isolate Pr4 by homologous recombination between parental viral genomes and recombination transfer vectors as described in Materials and Methods. In Pr4⌬2AB and Pr4V⌬2AB⌬35, the introduced deletion removed 2,761 bases (Fig. 9A) , which contained all but the carboxyl-terminal 104 nucleotides of the MGF360 2A ORF and the amino-terminal 250 nucleotides of the MGF360 2B ORF and inserted in their place a 3.6-kbp p72␤-Gal reporter gene cassette. Deletion mutants Pr4⌬35 and Pr4V⌬2AB⌬35 were constructed by deleting a 10,163-bp region from Pr4 and Pr4⌬2AB, respectively (Fig. 9A) . The deletion removed six MGF360 ORFs (3CL, 3DL, 3EL, 3HL, 3IL, and 3LL) and two MGF530 ORFs (3FR and 3NR) and inserted in their place a 2.4-kbp p72GUS reporter gene cassette. Genomic DNAs from parental virus Pr4 and deletion mutants Pr4⌬2AB, Pr4⌬35, and Pr4V⌬2AB⌬35 were analyzed by Southern blot hybridization as described above. A novel EcoRI fragment with the predicted size of 9.1 kbp was observed for both Pr4⌬2AB and Pr4V⌬2AB⌬35 (Fig. 9B, lanes 2  and 3) , and as expected, an 8.2-kbp fragment was seen for the parental Pr4 virus (Fig. 9B, lane 1) when the filter was probed with a 32 P-labeled genomic fragment containing the 2A and 2B ORFs and flanking sequences. The net 0.9-kbp size increase in the deletion mutants compared to the parental Pr4 virus resulted from the insertion of the p72␤-Gal reporter gene cassette. The 12.8-kbp EcoRI fragment used as a genomic probe, containing the six MGF360 and two MGF530 ORFs, hybridized to this fragment of the parental virus (Fig. 9B, lane 4) , and a predicted 2.6-kbp fragment was present in both the Pr4⌬35 and Pr4V⌬2AB⌬35 recombinants (Fig. 9B, lanes 5 and 6) . These results verify the predicted genomic structure of the recombinant Pr4 viruses and show that the mutant stocks were free of any contaminating parental virus.
The growth kinetics and viral yields of ASFV Pr4 MGF360 and MGF530 gene deletion mutants were compared to those of the Pr4 parental virus by infection of primary macrophage cell cultures (MOI ϭ 1) and then titration of infectious virus at various times postinfection (Fig. 9C) . Recombinant virus Pr4⌬2AB showed unaltered growth characteristics compared with parental virus Pr4; however, Pr4⌬35 exhibited a 100-to 1,000-fold growth defect. Interestingly, like the MS16 and BA71V viruses, deletion mutant Pr4V⌬2AB⌬35 did not produce any detectable viral progeny in macrophage cell cultures. This mutant was constructed in Vero cell cultures by deletion of both the MGF360 2A and 2B ORFs and the 10.2-kbp region containing six MGF360 and two MGF530 ORFs. Notably, this deletion mutant had a genomic arrangement in the left variable region similar to that of BA71V. These data indicate that ASFV MGF360 and MGF530 genes perform essential macrophage host range functions and that multiple family members are likely involved.
DISCUSSION
Here, we have shown that ASFV MGF360 and MGF530 genes perform a macrophage host range-determining function by promoting infected-cell survival.
Cell culture-adapted, highly attenuated ASFV variants MS16 and BA71V (13, 38) failed to replicate in macrophage cell cultures. Infection with these viruses resulted in early cell death, which occurred prior to viral progeny production. ASFV terminal variable regions comprise the left 35-kbp and the right 15-kbp ends of the genome and contain at least five MGFs, i.e., FIG. 7 . Growth characteristics of ASFV pathogenic isolate E70, the cell culture-adapted MS16 and BA71V parental viruses, and rescued recombinant viruses MS16-C2 and BA71V-E5. Porcine peripheral blood (A) and alveolar (B) macrophages were infected (MOI ϭ 5), and at indicated times, duplicate samples were collected and titrated for virus yield. These data are the means and standard errors of two independent experiments. TCID50, 50% tissue culture-infective doses.
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on October 14, 2017 by guest http://jvi.asm.org/ Downloaded from MGF100, MGF110, MGF300, MGF360, and MGF530 (4, 5, 11, 18, 43, 47) . Variations within these regions, including gene deletion events, are observed during ASFV adaptation to monkey cell lines (6, 38) . The actual number of MGF genes present in a given virus isolate may vary substantially, with copy numbers in pathogenic isolates being higher (11, 18) . The degree of variability that occurs within the terminal variable regions of the ASFV genome suggests that these ORFs, while not essential for growth in cell cultures, perform host range functions. The MS16 and BA71V viruses contain several deletions and insertions in these terminal regions (7, 38, 46) . Using marker rescue, we identified and characterized genomic sequences in the left variable region of the ASFV genome responsible for the macrophage growth defect of the MS16 and BA71V viruses. Comparative sequence analysis of genomic clones from the left variable region of E70 and MS16 (Lu et al., unpublished data) (46) indicated that both MS16 and BA71V had significant deletions in this genomic region. Restriction endonuclease analysis previously detected an approximately 15-kbp deletion in the left end of the MS16 genome (38) , and DNA sequence comparisons of the BA71V genome with data available for ASFV isolates Malawi Lil-20/1 and LIS57 demonstrated deletions in terminal regions of the BA71V genome (43, 46, 47) . Here, we have been able to map the locations and sizes of deletions associated with the macrophage growth defect for both cell culture-adapted viruses. Restoration of a 20.2-kbp deletion in the left end of MS16 genome was necessary to completely rescue growth. For rescue, a 38-kbp cosmid clone from E70 was necessary to achieve double-crossover recombination events by providing homologous flanking sequences upstream and downstream of the large deletion present in MS16. In BA71V, the EP clone from E70, which restored an 8.2-kbp deletion, completely rescued macrophage growth, indicating that this genomic region was sufficient for restoration of BA71V growth in macrophages. The 8.2-kbp region contained seven ASFV ORFs, representing multiple members of MGF360 and MGF530 that were deleted in BA71V. Our findings indicate that while MGF360 and MGF530 genes are dispensable in monkey cell lines, they are essential for viral growth in macrophages.
Multiple copies of MGF360 and MGF530 genes were required to completely restore the growth of MS16 and BA71V in macrophages. Moreover, multiple gene deletions from the Pr4 genome led to complete loss of growth on macrophages. Removal of individual MGF530 genes (⌬3FR and ⌬3NR) or groups of MGF360 genes (⌬3CL3DL3EL and ⌬3HL3IL3LL) from the left variable region of the Pr4 isolate did not alter viral growth in macrophage cell cultures (data not shown). Deletion of six MGF360 and two MGF530 ORFs from the left end of the Pr4 genome markedly reduced viral growth in primary macrophage cell cultures by 100-to 1,000-fold; removal of two additional MGF360 genes resulted in no growth at all. Although little is known about MGF gene function during virus replication, it is tempting to speculate that gene dosage is a factor in replication in macrophages. Alternatively, specific MGF members may function and/or interact with each other in a yet-to-be-identified cellular pathways(s).
MGF360 and MGF530 genes and their predicted protein products do not share significant similarity with other known genes or proteins; however, the amino-terminal regions of predicted MGF360 proteins do share similarity with comparable regions of MGF530 ORFs (47) (Lu et al., unpublished data). MGF360 and MGF530 proteins share 28% amino acid identity over the first 100 amino acids (Lu et al., unpublished data). Among members of these MGFs, amino acid similarity ranged from 23 to 88% for MGF360 and from 46 to 74% for MGF530 genes (47) (Lu et al., unpublished data). Given the lack of similarity of predicted MGF360 and MGF530 proteins to other known proteins, it is difficult to speculate about their function in virus-cell interactions. ASFV infection does induce apoptosis in primary swine macrophages in vitro at late times postinfection (27) , and ASFV encodes a functional Bcl-2 homolog that may be an essential gene (2, 26) . It is possible that transient modulation of infected macrophage survival by MGF360 and MGF530 proteins is also necessary for productive viral replication in this cell type. Consistent with a host range func- tion, MGF360 and MGF530 genes are expressed early in infection (18, 33, 47) .
In summary, the results reported here indicate that ASFV left variable region MGF360 and MGF530 genes perform an essential macrophage host range function(s) involving promotion of infected-cell survival. Given that macrophages are the primary target cells of ASFV in swine, it is likely that these genes are also of significance for viral pathogenesis and virulence in domestic swine. Future studies will examine this possibility.
